ABSTRACT BT37 is a crown gall teratoma incited on tobacco by Agrobacterium tumefaciens containing pTi-T37, a nopalinetype Ti plasmid. Treatment ofthis cloned tumor tissue with kinetin at 1 mg/liter results in the formation of relatively normal-appearing shoots. These shoots can be induced to root and set viable seed. In contrast to BT37 tissue, the derived tissues are not phytohormone independent and do not produce nopaline. The reverted plants, like normal tobacco plants, are susceptible to infection by A. tumefacien. This loss oftumorous traits is accompanied by the loss of most of the Ti plasmid sequences (T-DNA) found in BT37 DNA. Southern blot analysis indicates that the revertant tissues have lost the central portion of the T-DNA, which contains the "common DNA" sequences, a highly conserved region of the Ti plasmid that has been found to be incorporated into all tumors studied. Thus, these sequences appear necessary for oncogenicity and tumor maintenance and their loss is probably directly related to tumor reversal. The reverted plants as well as the plants obtained from seed, however, do retain sequences homologous to the ends of the T-DNA present in the parental teratoma. The persistence of foreign DNA sequences during the process of meiosis and seed formation has important implications for the possibility of the genetic engineering of plants.
The introduction of foreign DNA into normal cells can transform them into tumor cells. These cells can partially or completely recover from their tumorous state by a process known as tumor reversal or reversion. In this communication we describe the phenotypic and molecular events accompanying the reversal of a plant tumor, crown gall.
The inciting organism ofcrown gall tumors is a soil bacterium, Agrobactertium tumefaciens, which contains a large tumor-inducing (Ti) plasmid (1) (2) (3) (4) . Properties of these tumors are: (i) in contrast to normal cells, tumor cells can proliferate autortomously in axenic culture without an exogenous supply of plnt hormones, auxin and cytokinin (5); (ii) crown gall tumors, but not normal cells, generally synthesize unusuaLamino acid derivatives called opines (6) (7) (8) ; and (iii) a portion of the plasmid DNA from the inciting bacteria (T-DNA) is incorporated stably in the nucleus oftumor cells attached to plant DNA (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The function of this T-DNA in tumorigenesis is not yet clear, but it is transcribed (16, (19) (20) (21) (22) and probably translated (23) in tumor cells. Although the amount of T-DNA found in various tumor lines is different, all include a "core" sequence (12, 13) which is probably responsible for oncogenicity and maintenance of the transformed state. A portion of this core T-DNA is homologous to the "common DNA" sequences, which are highly conserved among diverse types of Ti plasmids (24, 25) . In addition, deletions and insertions within the T-DNA can affect virulence (26) (27) (28) (29) (30) , supporting the hypothesis that the T-DNA encodes the "oncogenes."
Normal-appearing plants have been regenerated from both unorganized (31) (32) (33) (34) and teratoma-type (35, 36) crown gall tumors. Some tissues from shoots regenerated from a teratoma still exhibited tumorous traits (35, 36) and retained T-DNA (11, 13, 37) . The parts of this shoot that had gone through meiosis no longer exhibited tumorous traits (36) and lacked detectable T-DNA (11, 13, 37) . Also, spontaneous revertants from the same tumor had normal morphology and lacked T-DNA (36, 37) .
In this study we examined the T-DNA content of revertant plants obtained from a cloned teratoma tumor by hormone treatment. We find that loss of tumorous traits is accompanied by partial loss ofT-DNA. However, the postmeiotic tissues still retain detectable T-DNA sequences.
MATERIALS AND METHODS Materials. The crown gall tumor BT37 was incited on Nicotiana tabacum var. Havana by A. tumefaciens strain T37, which carries the T37 Ti plasmid (35) . A. Braun and R. Turgeon provided the tumor tissue that had been cloned and then maintained in culture for several years. Normal N. tabacum var. Xanthi callus and revertant tissues were grown on Murashige and Skoog medium (38) supplemented with kinetin at 0.5 mg/ liter and 1-naphthaleneacetic acid at 0.5 mg/liter. Normal N. tabacum var. Havana plants were grown from seeds provided by R. Turgeon. Bst I restriction endonuclease was supplied by Richard Meagher.
Plants from Tumor Tissue. BT37 teratoma tissue, which had been maintained on Murashige and Skoog medium (38) without phytohormones, was transferred to the same medium supplemented with kinetin at 1 mg/liter to induce the development of shoots and leaves (A. C. Braun and R. Turgeon, personal communications; ref. 33) . Normal-appearing shoots and leaves were observed 7-10 days after transfer. After these shoots had reached 2-3 cm in height, they were placed on Murashige and Skoog medium without phytohormones. After 2 weeks, root formation occurred. When rooted plants reached [5] [6] [7] [8] cm, they were transferred to soil. Initially, a plastic bag was placed over the plant, and the pot was placed in a dish or water to maintain the humidity. The plants were fed with Murashige and Skoog medium without sucrose or-hormones. After growth to about. The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 10 cm, they were transferred to larger pots and cultivated in a plant growth room.
Detection of Plasmid DNA Sequences. Total DNA from plant tissue, T37 Ti plasmid DNA from A. tumefaciens A208 (39) , and cloned fragments of the Ti plasmid from Escherichia coli were isolated as described (12) . Thomashow (Fig. 1A) , was placed on Murashige and Skoog medium (38) containing kinetin (1 mg/liter), normal-appearing shoots grew out of the teratoma (Fig. 1B ). When these shoots were transferred to a hormone-free medium, they developed roots (Fig. 1C) . After transfer to soil, they formed mature plants. Out ofa total of 19 regenerated plants, 10 appeared completely normal, 4 were considered slightly abnormal, having nonuniformly pigmented leaves, and 5 were abnormal with severely deformed leaves (Fig. 2) . In some cases, individual shoots on the same plant displayed different morphologies. The abnormal-appearing plants flowered but set fewer seed than those with a normal morphology.
The first property of revertant plants tested was the ability Chilton, personal communication). The T-DNA region in BT37 tumor is indicated (11, 13, 17) . The common DNA sequences are highly conserved among diverse types of Ti plasmids (24, 25) .
ofthe tissue to grow in culture in the absence ofplant hormones. A leaf from each of the regenerated plants was cut in half and placed on media with and without phytohormones. The revertant tissues grew only on media containing phytohormones. The second property examined was the ability to produce nopaline (41) . In contrast to the abundant production of nopaline by the parental BT37 tumor, nopaline was not detected in any revertant tissues. The third property investigated was the resistance to reinfection by Agrobacterium. Strain A208 (39) containing the same plasmid as that causing the parental tumor formed teratomatous tumors on revertant plants, and an octopine-type strain (A277) formed unorganized tumors on revertant plants. This is in contrast to suppressed tumor cells, which displayed resistance to reinfection (36) . Therefore, by all three properties examined the revertant plants appeared normal and displayed no tumorous characteristics.
Detection ofPlasmid DNA Sequences in the Reverted Plant Tissue. Another characteristic of crown gall tumor cells is the presence of bacterial DNA sequences derived from the A. tumefaciens Ti plasmid. Therefore, we performed Southern blot experiments (40), using DNA isolated from morphologically different types of reverted plant tissues. DNAs isolated from several normal-and abnormal-appearing revertant plants were digested with the restriction endonuclease Bst I, fractionated by electrophoresis on agarose gels, transferred to nitrocellulose sheets, and then hybridized with 32P-labeled T37 Ti plasmid DNA.
Radioautography revealed the presence of some sequences homologous to plasmid DNA (Fig. 3, lanes e, f, g, and h ). In each of the four DNA preparations, a total of four fragments, with molecular weights of 7.3 x 106, 4.6 X 106, 3.9 X 106, and 2.1 X 106, were present that contained DNA sequences homologous to pTi-T37 plasmid DNA. The fragment with a molecular weight of 3.9 x 106 was also detected in DNA isolated both from normal tobacco callus and normal tobacco leaves (Fig.  3, lanes c and d) . The other three fragments detected in the revertants were not found in normal tobacco callus or leaves. The two internal plasmid Bst I fragments, 9 and 14a, present in the parental BT37 tumor tissue (Fig. 3, lane b') were not detected in any of the reverted plant tissues examined.
A more sensitive experiment used a mixture of specific plasmid fragments as probes. These plasmid fragments, cloned in the vehicle pMB9, contain the sequences between BstEII fragment 21a and BstEII fragment 21b (Fig. 4) and appear to include all the T-DNA sequences found in the parental BT37 teratoma tissue (compare lane b', Fig. 3 and lanes b and b', Fig. 5 ). The increased sensitivity reveals a small fourth internal Bst I fragment, 23a, not seen in Fig. 3 , but present in the parental tissue and seen in other experiments using the entire Ti plasmid as probe. Like the other internal fragments, Bst I fragment 23a is not present in the reverted tissues. The arrows in Fig. 5 (Fig. 5) . This, combined with the absence ofsequences homologous to T-DNA in normal tobacco callus (Fig. 5, lane h) , conclusively shows that these three fragments, retained by the revertants, contain T-DNA.
Because the fragment with a molecular weight of 3.9 X 106 was not observed in this hybridization experiment, we conclude that the plasmid sequences homologous to the normal plant DNA do not reside in the T-DNA region ofthe Ti plasmid. The largest fragment (8.3 x 106 daltons) is visualized with the T-DNA probe (Fig. 5) but not the entire Ti-plasmid probe ( (12), which contains the common DNA, the region of the octopine A6 Ti plasmid that is highly conserved among diverse types of Ti plasmids (24, 25) . In blot B the probe is a clone containing BstEII fragments 9 and 14, which represents the left end of the T-DNA. In blot C the probe is a clone containing BstEII fragments 18, 21a, and 21b, which represents the right end of the T-DNA. Because this probe includes BstEII fragment 21b, which lies out--w21 side the T-DNA on the left, Bst I fragment 20 is visible in the one-copy reconstruction. The numbers at the left of each blot refer to Bst I fragments of the T37 Ti plasmid. To the right of each blot are the molecular weights (x 10-6) of the indicated fragments.
digestion with Bst I or insufficient sensitivity ofthe experiment with the whole Ti plasmid as probe. We determined which portions of the T-DNA are present in the revertant tissues by using individual probes that represented different regions of the T-DNA. For example, no homology was detected in the revertant tissue DNAs with a probe that contained the common DNA sequences (Fig. 6A) . Further, the entire middle of the T-DNA has been eliminated, as evidenced by the lack of homology to BstEII fragments 6 and 11 (data not shown). On the other hand, when reverted plant DNAs were hybridized with probes that represent left and right ends of the T-DNA (BstEII fragments 9, 14, 18, and 21ab), all of the four previously detected fragments were identified ( Fig.  6B and C) . Sequences homologous to the left end ofthe T-DNA were found on three fragments (8.3, 7.3, and 2. 1 X 106 daltons) and sequences homologous to the right end ofthe T-DNA were found on two fragments (4.6 and 2.1 X 106 daltons). Although the precise quantity of T-DNA retained remains to be determined, it is clear that only the ends of the T-DNA are left in the reverted plant tissues.
We examined the T-DNA content ofseveral revertants, some with quite abnormal morphology and some that appeared normal. The analysis included tissues from reverted young plants as well as mature, seed-bearing revertants. As Fig. 3, 5, and 6 show, they all retained the same T-DNA complement.
Analysis of F1 Plants Derived from Regenerated Plants. In order to study the progeny of the reverted plants and the fate of the plasmid DNA after meiosis, seeds arising from self-pollination were germinated. All of these Ml plants were normal in appearance regardless of whether the seeds were set by regenerated plants with normal or abnormal morphologies. Like the parental revertant plants, none of the M1 plants exhibited any tumorous properties.
Similarly, all of the homologous sequences detected in the parental revertant plants were still present in the M1 plants. When DNAs prepared from M1 plants were hybridized with cloned plasmid DNA fragments, hybridization patterns identical to those of the parental plants were obtained (Fig. 5, lanes  f and g; Fig. 6 , lane e). These results indicate that all of these foreign DNA sequences are retained even after the plant cells have undergone meiosis.
DISCUSSION
We have demonstrated that a cloned crown gall tumor can form intact plants that appear to have normal physiology and function. The loss of tumorous traits is accompanied by the loss of most of the incorporated bacterial plasmid DNA sequences. However, some ofthe T-DNA sequences remain stable through meiosis and thus are transmitted in the seed.
Analysis of the T-DNA indicates that the revertants lack the central T-DNA sequences found in the parental tissue but retain sequences homologous to the ends of the T-DNA. The sequences that have been eliminated contain the common DNA sequences, a highly conserved region ofTi plasmids (24, 25) that is incorporated into all tumors studied (12, 13, 17) . Further, insertions and deletions within this region affect virulence (26) (27) (28) (29) (30) . Thus, these sequences appear necessary for oncogenicity and tumor maintenance and their loss is probably directly related to tumor reversal. Research on virally induced animal tumors has revealed a similar association between the loss of foreign DNA (viral) and loss of tumorous traits (42) (43) (44) (45) .
Identical hybridization patterns were observed in DNA preparations from seven revertant plants that arose as shoots at different times and from different culture dishes. This suggests either that there is a common excision mechanism or that the seven revertants were derived from a common progenitor cell. We favor the latter because other revertants from the same tumor (discussed below) retain no detectable T-DNA. The Ml plants arising from seed set by the reverted plants retain the same T-DNA sequences found in the parental plant. The stability of the T-DNA in subsequent generations remains to be determined.
Manipulation of the hormone levels in the growth media results in the production ofboth normal-and abnormal-appearing plants from the teratoma. The various plants are similar in that they have lost all of their tumorous characteristics and retain the same T-DNA complement. Therefore, the differences in morphology might be due to differences in chromosome complements occurring after the reversion event. (35, 36) . Tissue from various parts of the shoots retained malignant properties (35) and what appears to be at least one copy ofthe entire T-DNA (11, 13) . However, postmeiotic tissues that appeared morphologically normal (36) contained no detectable T-DNA (11, 13) . In contrast, our premeiotic revertant tissue retains neither malignant properties nor an entire copy of the T-DNA, and meiosis does not alter this residual T-DNA. Thus, we suggest that if meiosis acts either to cause or select for loss of foreign DNA, the loss is not due to the presence of foreign DNA per se.
The reversion of crown gall tumors to normal functioning plants with the retention ofsome ofthe foreign DNA sequences through seed formation suggests that crown gall may be useful in the genetic engineering ofplants. The results reported in this manuscript indicate that the use of the Ti plasmid as a vector need not be restricted to vegetatively propagated crops.
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